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Many-particle entanglement and quantum metrology

Atomic spins in   
Bose condensate

N = 102 - 103 
± 5 atoms

Fundamental questions 
• different classes of non-classical states 
• depth of correlations? 
• indistinguishable particles 
• detection of correlations? 
• usefulness? robustness?

Quantum metrology 
• interferometry beyond  

standard quantum limit (SQL) 
• field&force sensing on micrometer scale 
• field imaging

Atom chip

L. Pezzè, A. Smerzi, M. K. Oberthaler, R. Schmied, and P. Treutlein,  
Quantum metrology with nonclassical states of atomic ensembles  

Reviews of Modern Physics 90, 035005 (2018)
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Ultracold atoms on atom chips 
Treutlein et al, Phys Rev Lett 92, 203005 (2004) 
Böhi et al, Nature Physics 5, 592 (2009)

Spin-squeezed states for quantum metrology 
Riedel et al, Nature 464, 1170 (2010) 
Ockeloen et al, PRL 111, 143001 (2013)

Entanglement, EPR and Bell correlations 
Schmied et al, Science 352, 441 (2016) 
Fadel et al, Science 360, 409 (2018)

Perspectives for searches of new physics
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Atom	chips

Microfabricated	wire	
pa3ern	on	a	chip

Chip-based	magne8c	microtraps

Ultracold	Rubidium	atoms	at	micrometer	distance	
from	a	room-temperature	chip	surface

P.	Treutlein	et	al.,	Coherence	in	Microchip	Traps,	Phys.	Rev.	Le9.	92,	203005	(2004).

N	=	1400					T	<	30	nK	
RTF	≈	1.1	μm	×	4.0	μm

BEC

few	μm	-	
tens	of	μm

chip	surface	

T	=	300	K
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Detec8on:	absorp8on	imaging

detecOon	beam
lens

CCD	camera

image	shadow	cast	by	

atoms	onto	CCD	camera

absorpOon	image

578	±	5	atoms

ultra-high	vacuum 
3	×	10-10	mbar

Rb	atoms
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Spin-squeezing through atomic interactions

Ensemble of spins

z
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ΔSz
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ΔSz =
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2

time evolution 
“one-axis twisting”

coherent spin state

Atomic collisions create spin-squeezing

squeezed spin state

Ĥ = �Ŝ2
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Collective spin

Ŝ =
NX
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ŝi, S =
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Ŝ

interaction tuning by 
state dependent potentials

Riedel et al, Nature 464, 1170 (2010)



Tomography of spin-squeezed state

Kitagawa & Ueda PRA 47, 5138,1993 
Wineland et al. PRA 50, 67,1994 
Sørensen et al. Nature 409, 63–66, 2001

Spin-squeezing parameter

entanglement witness

squeezed state
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contrast C = 94.9%)



Microwave field measurement beyond the SQL

20 μm

mw currents
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C. Ockeloen et al, PRL 111, 143001 (2013)
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Microwave field measurement beyond the SQL

20 μm

mw currents
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Sensitivity: 
δBmw = 77 pT @ 1 s 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Probe volume: 20 µm3
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Hierarchy of non-classical correlations

Gühne and Tóth, Phys. Rep. 474, 1 (2009) 
Reid et al, Rev. Mod. Phys. 81, 1727 (2009) 
Brunner et al, Rev Mod Phys 86, 419 (2014)

Bell 
correlations  
(nonlocality)

EPR correlations 
(steering)

Entanglement 
(non-separability)

Albert Einstein Boris Podolsky Nathan Rosen

John Stewart Bell

Erwin Schrödinger

Physical Review 47, 777 (1935)

Mathematical Proceedings of 
the Cambridge Philosophical 
Society 31, 555 (1935)

Physics 1, 195 (1964)



Bell 
correlations  
(nonlocality)

EPR correlations 
(steering)

Entanglement 
(non-separability)

Correlations as a resource for quantum technology

• Interferometry beyond the 
standard quantum limit 

• QIP with trusted devices

• Quantum teleportation 
• Remote state preparation 
• One-sided device-independent QKD 
• Certain quantum metrology tasks

• Device-Independent QKD 
• Certified randomness generation 
• Self-testing of states and measurements

Gühne and Tóth, Phys. Rep. 474, 1 (2009) 
Reid et al, Rev. Mod. Phys. 81, 1727 (2009) 
Brunner et al, Rev Mod Phys 86, 419 (2014)



Bell 
correlations  
(nonlocality)

EPR correlations 
(steering)

Entanglement 
(non-separability)

Non-classical	correla8ons	in	many-body	systems

Atoms	in	spin-
squeezed	state

Schmied	et	al,	Science	352,	441	(2016)

Fadel	et	al,	Science	360,	409	(2018)

Riedel	et	al,	Nature	464,	1170	(2010)



Multi-partite Bell correlations

Bell witness derived from Bell 
inequality with m measurement 
settings and taking m → ∞

5.2 Bell correlations in a BEC

squeezing parameter as

⇠2  ⇣2a
C2
b

, (5.5)

which witnesses entanglement if ⇠2 < 1 [98].
As both entanglement and Bell correlations can be witnessed by looking at the pa-

rameters Cn and ⇣2a, we provide a graphical illustration for the relationship between the
two criteria with Fig. 5.5. The red shaded region corresponds to ⇠2 < 1, while the blue
shaded region to the points also violating Eq. (5.4). For any experimentally measured
Rabi contrast and second moment, Fig. 5.5 gives an immediate characterization of the
correlations present in the system under study.

In section 4.3.2 we have seen how the parameter ⇠2 allows also for a characterization
of the entanglement depth. In particular, (k+1)-particle entanglement is witnessed by
measuring squeezed variances (and hence ⇣2a) below the gray k-producibility curves in
Fig. 5.5, [100].

Natural questions arising are whether Bell correlations could be concluded from
points above the blue curve in Fig. 5.5 by better witnesses, whether the observed viola-
tion can by a statistical artifact, or whether the depth of Bell correlations could also be
quantified in a similar way as entanglement. In the next paragraphs we are going to give
(sometimes partial) answers to these questions.

5.2.3 Many settings witnesses

By looking at Fig. 5.5, we can see that there are entangled states which are not Bell
correlated according to the criterion Eq. (5.4). We may therefore ask whether this is the
case because such states do not allow for the violation of any Bell inequality, or because
our witness is not sensitive enough. This latter possibility motivated us to search for
better inequalities, for example by including higher order correlators or, as presented in
section 4.5.1, by increasing the number of measurement settings per party m. Remark-
ably, even considering m > 2, under the assumption that these measurements are spin
projection measurements we were able to derive Bell witnesses still involving only the
two experimentally measured quantities ⇣2a and Cb, Eq. 4.62. The sensitivity of such
witnesses increases with m (even if such a parameter is a theoretical quantity, since ex-
perimentally one takes measurements only along direction a or b), in the sense that for
a larger m less squeezing is needed to detect Bell correlations for a given contrast Cb. In
other words, as m increases more Bell correlated states can be detected experimentally.
A considerable improvement is obtained by taking the limit m ! 1, which gives us the
criterion

⇣2a � 1 � Cb
arctanh [Cb]

(5.6)

satisfied by all non Bell correlated states. In Fig. 5.6 we plot the different bounds corre-
sponding to the witnesses for m = 2, 4, 6 and 1, to show that they allow for detecting
Bell correlations in larger sets of states.
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Genuine multi-partite Bell correlations!

Wagner et al, PRL 119, 170403 (2017) 
Schmied et al, Science 352, 441 (2016)

Based on k-partite Bell inequalities with up 
to 2nd order correlators 
Baccari et al, PRA 100, 022121 (2019)

5.2 Bell correlations in a BEC
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Figure 5.6: Observation of Bell correlations in a BEC with m-setting witnesses. Black:
the data set of figure 5.4 expressed in terms of the Rabi contrast Cb and the squeezed second
moment ⇣2a, with 1� error bars. Blue shaded region: Bell correlations detected by violation
of inequality (5.6). Blue lines: bounds corresponding to the witnesses for m = 2, 4, 6 and 1
settings. Red shaded region: entanglement witnessed by spin squeezing [98, 99]. According to
Gaussian statistics, our data set has a 1 � 1.1 ⇥ 10

�3
(m = 2), 1 � 1.6 ⇥ 10

�7
(m = 4),

1 � 7 ⇥ 10
�9

(m = 6), 1 � 2 ⇥ 10
�10

(m = 1) overlap with the blue area below the respective
bounds.

allows us to estimate the likelihood of our conclusion as the overlap of the estimated
probability distribution associated to our data set, Fig. 5.7, with the region for which
Bell correlations are detected by the witness of interest (blue regions in the Figures). As
an example, according to Eq. (5.4) our data set has likelihood of 99.9% of being Bell
correlated, Fig. 5.7, while according to the improved witness Eq. (5.6) this is 1 � 2 ⇥
10

�10. This likelihood can be interpreded as a P value of 10
�3, respectively 2 ⇥ 10

�10,
for rejecting the null hypothesis: “Our data were generated by a state that has no Bell
correlations, in the presence of Gaussian noise”.

Using the same approach we can estimate the overlap of our data set with the various
k-producibility entanglement areas of Fig. 5.5. We find overlaps of 0.010 for k = 24

and 0.046 for k = 29, which allow us to rule out 24-producibility at the 1% level and
29-producibility at the 5%-level.

If we do not want to make the additional assumption of Gaussian statistics, the exper-
imental results may come from any probability distribution compatible with the measure-
ment results. Therefore, the task of estimating the likelihood that a non-Bell-correlated
state is responsible for the violation of a witness becomes more difficult, and a limited
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Figure 5.8: Quantification of Bell correlation depth in a spin-squeezed BEC. Black: the data
set of figure 5.4 expressed in terms of the Rabi contrast Cb and the squeezed second moment ⇣2a,
with 1� error bars. The number of particles is N = 480. Blue shaded region: Bell correlations
detected by violation of inequality (5.7) for k = 1. Red shaded region: entanglement witnessed
by spin squeezing [98, 99]. Red lines: limits on ⇣2a below which there is at least (k + 1)-particle
entanglement [100], increasing in powers of two up to k = 256. Blue lines: limits on ⇣2a below
which there is at least (k + 1)-particle nonlocality, for k = 1, ..., 6.

In a BEC, for instance, the atoms could be partitioned into two different spatial lo-
cations by means of a state-independent potential. An adequate bipartite Bell inequality
could then be tested by performing local measurements on these two groups of atoms. If
a violation is observed, it would be device-independent, and it would certify that proper
measurements have been performed and that the outcome statistics observed could not
be described in terms of pre-established agreements (local-hidden-variable model).

Note that for continuous variables (CVs) it was shown that Gaussian measurements
on non-Gaussian entangled states allow to violate a Bell inequality [143–145]. Alterna-
tively, a non-deterministic violation of a Bell inequality is allowed by performing non-
Gaussian measurements (such as conditioned Gaussian measurements) on Gaussian CV
states [145, 146]. However, Bell himself argued that no violation of a Bell inequality
can appear by performing Gaussian measurements on Gaussian states [147] (pp. 37 and
198). However, it was shown both theoretically [148] and experimentally [149] that this
“no-go” theorem can be circumvented provided one trusts the measurement system, as
we have been doing with our Bell correlation witness.

For our current experimental apparatus, the fact that our detection system cannot re-
solve single atoms implies that we are restricted to Gaussian measurements. Since the
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Spa8al	spli]ng	of	spin-squeezed	BEC

BEC	in	spin-
squeezed	state



Spa8al	spli]ng	of	spin-squeezed	BEC

Entanglement	
between	two	BECs



Coherent spatial splitting of BEC
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Entanglement between spatially separated BECs

•  atoms 
• initial squeezing  
• split spins are still squeezed 
• contrast in  and  about 94%

N ≈900
ξ2 ≈−7 dB
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Quantum enhanced measurements with entangled BECs

B-fie
ld

ŜB

ŜA

• small sensor size leads to projection noise 
• entanglement with large reference cloud improves measurement

Sensor cloudReference cloud
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Perspectives for searches of new physics

Pezzè et al, Rev Mod Phys 90, 035005 (2018) 
Safronova et al, Rev Mod Phys 90, 025008 (2018)

Tests of quantum physics with massive 
many-particle systems 
• strong non-classical correlations (EPR, Bell) 
• scaling with particle number N 
• decoherence 

Quantum metrology close to a chip surface 
• chip-based atomic clocks and interferometers 
• field and force measurements on micrometer scale 
• Casimir-Polder forces 
• spin-dependent forces 
• entanglement-enhanced precision 
• measurements with entangled atom arrays
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Other quantum metrology activities in our group

Atomic vapor cell sensors

Microwave field imaging with Rb atoms 
Horsley et al, APL 108, 211102 (2016) 
Horsley et al, New J Phys 17, 112002 (2015)

CSEM microcell
MW 
circuit

 at 15 GHzBmw
z

z

500 μm

Atom-membrane optomechanics

Strong coupling and coherent 
control of membrane with atoms 
Schmid et al, Phys Rev X (2022) 
Karg et al, Science 369, 174 (2020) 
Jöckel et al, Nature Nano 10, 55 (2015)
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